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GRADED LAYERING IN THE AL HADAH PLUTON NEAR AT TA'IF
KINGDOM OF SAUDI ARABIA

by

Donald G. Hadley and William R. Greenwood

ABSTRACT

Graded igneous layering is exposed in the Al Hadah pluton
near At Ta'if in the west-central part of the Arabian Shield in
Saudi Arabia. The layers, which average 10 cm in thickness, are
normally or reversely graded from bottom to top in terms of modal
concentration with respect to the constituent minerals. No.
preferential orientation of the minerals was observed. Biotite,
hornblende, plagioclase, and heavy minerals are concentrated at
the base of the layers, and coarse-grained potassium feldspar is
concentrated at the top. Most layers have an average composi-
tion of quartz monzonite and show a differentiation trend, from
base to top, from quartz diorite and granodiorite to quartz
monzonite and granite, which was produced by mechanical processes.

The layers formed near the roof of the Al Hadah pluton from
low-viscosity flow differentiation currents derived from depth,
probably during emplacement of the pluton. Deposition of the
layers was from within the pluton outward toward the country rock
contact. The thickness of individual layers is thought to be a
function of the duration of current supply.

INTRODUCTION

Layering was identified in a quartz monzonite pluton (herein
referred to as the Al Hadah pluton) during geologic reconnaissance
work in the vicinity of At Ta'if in the west-central part of Saudi
Arabia (fig. 1). Layering in the granitic rocks is known elsewhere
in the Arabian Shield (John Kemp, oral commun., 1974), but in
contrast to layered mafic intrusions here and elsewhere in the
world, layering in granitic rocks is relatively uncommon.

lLayering in rocks of dioritic to granitic composition is rare
and has been ascribed to gravitational settling (Gilbert, 1906;
Emeleus, 1963; Harry and Emeleus, 1960), mechanical flow sorting
in a zone with steep-velocity gradients such as at or near a solid-
- liquid interface (Wilshire, 1969), and gradational crystallization
from a saturated, low-viscosity, low-density fluid at a solid-liquid
interface (comb layering of Moore and Lockwood, 1973). Layering
Produced by normal magmatic crystallization in granitic rocks has
been reexamined recently by Moore and Lockwood (1973) and defined
as "schlieren layering."

Layerin§ in the Al Hadah pluton is similar to that described
by Wilshire (1969), but generally is unlike layering described by
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in the west-central part of the Arabian Shield along the Red Sea
Escarpment between Mecca and At Ta'if.

40030

21930



other authors. We define the Al Hadah layering and compare and
contrast its character and mode of origin with types of layering
previously discussed.

Fieldwork for this paper was conducted during parts of
October 1970 and April 1973, utilizing a topographic base map
at scale 1:80,000 and aerial photographs at scale 1:60,000. The
Al Hadah pluton is accessible by vehicle along a paved highway
between Jiddah and At Ta'if. Layering is exposed in two areas,
the most important being the upper contact between the pluton and
diorite and gabbro, approximately 7 km aleng the highway below
the edge of the Red Sea Escarpment (fig. 2), and the other, near
the same contact, 1-1/2-2 km further west via the highway and
below the upper exposure.

Fieldwork included measuring the layering, observing the
general intrusive relationships of the pluton, and collecting
samples for laboratory work. A modal petrographic traverse was
made in the field across the full vertical extent of one exposure
of layering. Spot modal counts of the intrusive rock above and
below the layering also were made.

ACKNOWLEDGMENTS

This work results from investigations undertaken by the U. S.
Geological Survey in accordance with a Work Agreement with Saudi
Arabian Ministry cf Petroleum and Mineral Resources. We are
indebted to A. M. Helaby who prepared thin sections and assisted
with other phases of laboratory work.

LOCATION AND GENERAL GEOLOGIC SETTING

The Al Hadah pluton crops out in the west-central part of the
Arabian Shield (fig. 1) along the Red Sea Escarpment, about 18 km
west-northwest of At Ta'if (fig. 1l). Elevations from the base to
the top of the escarpment in the study area range from about 400
to 2150 m (fig. 2). Greenstone, probably belonging to the Baish
Group, (Schmidt and others, 1973) underlies most of the area. The
Al Hadah pluton intrudes diorite and gabbro and is juxtaposed
against greenstone along a northeast-trending major fault. The
greenstone is the oldest rock in the area; quartz monzonite of the
Al Hadah pluton is the youngest rock and is probably late Precam-
brian to early Paleozoic in age by comparison with other dated
quartz monzonite plutons in the Arabian Shield (Fleck and others,
in press; Schmidt and others, 1973).

Structures in the area trend northeast, truncating the older
north-trending structures that are generally found in the south and
south-central parts of the Arabian Craton (Schmidt and others, 1975;
Greenwood and others, 1973, 1976). Metamorphism to the greenschist
facies characterized the greenstone, diorite, and gabbro, whereas
the Al Hadah quartz monzonite 1s not metamorphosed.
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Contours in meters.




























































‘(12+ pue 1-) Boae paaafeluou
Jo aafel yoea jo uoriisodwod adeasae sy} 8lussaIdaa® ‘dUOZ pagafe] sy} 9AOQE pue MOTaq
‘A1oa10oadsoa ‘pazireue seade paaafeluou 93}edIpul [Z+ PuUe - SJUNOD [BPO]N ‘PlId 8y} uo Jsqunu
aurll 9y} uasaadaa ‘weaderp Laeruad) Laewuwins 9y} Suipnioxa ‘sasquuinu a8y, ‘(1g+ 03 1-) sJake]
1Te 103 jo1d Lavwwuing e 81 weagdelp 18] 9y, ‘I ‘00T e P13} 3y} uf pazireue (1g+ }Tun) aaoqe

pue (I- 3TUn) Moilaq }00a paaafefuou pur saale] papead [z sy} jo suorirsodwod TepoIN - g¢ dIndig

V1019V e AVaSTIRAX

AN AN A A A A /‘\/\\\/\ % AR N
\ AV VARV \/ < < \/
\ 2L4V00 V4
e "IV o WVISTTRS-X as,’0iovu o 43a134-X
A N N AN A N N N A /\ N\ A \/ AN AN AN N\
I
AVARENV AN VAN V
/. 218v00 \
ISVID0IOVI 1o AVLSATALR WVISTTALR

//

'\

A AAA A A A ANEEA NN NN
\
VARV,
- aYND

24



IBVIIIOVIL

‘panuyuod - | ‘007 }8 PIaYy 9y} uy pazdleue ([g+ }un) aaoqe

ISVIO0IOVIE

Wvesaad-1

pue (1~ j1un) Mmolaq 3o0a pagafejuou pue sxale] papead g ay} Jo suoryrsodurod [8poN =~ ‘g2 dInI1d
Tewn WVISOTREN  BFVIOOIOVH tewn
NN NN AN A A A A A A AEA
5
V AV VARV
/ Y z1avnd /

AVSATAEX ASYIO010VI

ASY10010V I

AN AYNEA R ANA A ANEAEEA

EVISATISN

A A A A A A A A

Vv NN
A ZLevnd /

e
oo WVISaTIEN ISYIO0IOVId o

AN A A A A A A A

LALUAEED ]

A

N 218V00 V4

25



‘panuijuo)d - | °00T }® P31 9y} ul pazi[eue ([g+ 1JUn) aaoqe
pue (- j}jun) moraq }ooJ paaafe[uou pue saafel papead 1z sy} Jo suol3rsodurod [epoJAl - *£Z 9InJ1 g

Lo wn

VoIV wvasaTReY
/% A NANANEEA /\\/\\/\\
\/ \/ \/ \/
\ ZLevnd /
FSVLOIOVI flewn varaTadY
/\/ /\ /\ N\ \ /\ /\ w\
\ ©
(4]
BRIV \/
2LV /

TV e wn WVasaTaAY

//>/>>>>>>>\>\
< )




ASYID0I0VTd

‘panupuo) ~ [ ‘901 je PlaIy ay3 ur pazhieue (Ig+ jfun) aaoqe
pue (1=~ jTun) Mmo1aq 3o0Ja pagafejuou pue saxale] papead 1z 9y} jo suoryisodwod [epoN - ‘€Z dInI1g

- .
e ¥Vasa1ad-a

/>>>>>>>

AVISAIAL-N




Figure 24.- Slabbed sample of graded Figure 25.- Plagioclase (stippled) and

layers 14-19 used for laboratory potassium feldspar (clear) phenocryst
petrographic analysis, showing how trace from a slab cut parallel to that
serial thin sections were cut. Sample shown in figure 24. Notg the common
from outcrop at loc. 1. rapakivi phenocrysts.
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Table 3. Laboratory modal analysis data of some thin sections

prepared from the slab shown in figure 24.

Slide No A-1 A-2 A-3 A-3 A-4 A-S A~-6 a-7 A~-8 B~1 E
el Lp?

Mineral
Feldspar & Qtz. 96.5 94.8 97.3 86.6 94.4 94.1 95.0 99.5 96.5 96.0 92
Biotite 2.9 3.3 0.6 9.2 2.2 4.0 3.9 0.2 2.5 2.4 5
Hornblende 0.2 0.8 0.3 0.9 2.4 0.3 0.3 - 0.4 0.9 0
Zircon - - - 0.5 -— -— —-— - - -— -
Sphene - 0.2 - 0.9 0.4 0.3 0.2 0.2 0.4 0.3 0
Apatite - - 0.3 0.4 0.2 - - - - - -
Allanite -~ - -~ - - 0.3 - - -~ 0.2 0
Magnetite - - 0.9 1.4 0.2 0.3 0.5 0.5 - - -
Chlorite 0.4 1.1 0.6 - 0.4 0.8 - - - - 0
Total 100.0 100.1 1000 99.9 100.2 100.1 99.9 100.4 99.8 99.8 99
No. point counts 510 643 330 217 637 378 621 429 483 586 54!
Slide No. B-3 B~5 B-5 B~7 B-8 B~-8 B~3 B-10 B~-11 B-12 B-!

Lrp up Lp up Lp ul
Mineral
Feldspar & Qtz. 96.4 98.5 76.1 97.5 91.8 97.9 97.5 95.8 94.9 94.6 88.
Biotite 2.6 1.4 17.2 2.1 2.6 1.8 0.4 2.7 4.3 3.2 8.
Hornblende 0.3 0.5 3.9 - 4.6 0.3 1.3 0.7 0.1 0.8 1.
Zircon — - 0.4 0.2 - - - -— - 0.3 -
Sphene - - 0.8 0.2 1.0 - - 0.1 0.1 0.3 0.
Apatite - - 0.4 —-— - — - -— -— - -
Allanite - - 0.8 - - -— - - - - -
Magnetite 0.5 - Tr - -— - - - - - 0.
Chlorite 0.7 - - - - - 1.0 0.4 0.5 0.3 0.
Total 100.5 100.0 99.7 100.0 100.0 100.0 100.2 99.7 99.9 99.5 99.
No. point counts 566 218 487 537 194 325 476 671 740 373 295
Slide No. B-13 B-14 c-1 c-4 c-5 Cc-6 c-7 D~-2 D~-3 D~-4

up up uP
Mineral
Feldspar & Qtz. 90.8 89.6 97.0 99.2 96,2 96.0 87.0 95.5 96.5 90.0
Biotite 8.0 9.1 2.2 0.1 2.4 3.6 12.0 2.5 2.1 7.8
Hornblende 0.9 0.4 0.5 0.1 0.8 0.2 - 1.3 0.7 2.2
Zircon - - - - -= - -~ Tx - -
Sphene 0.4 0.4 - 0.1 0.2 0.1 0.8 0.3 0.2 —-—
Apatite - - - -~ -— - -— Tr - -
Allanite 0.2 0.4 -~ — - - - - - -
Magnetite - - 0.2 0.1 0.2 -~ - - - -
Chlorite -— -— 0.2 0.2 0.3 0.1 0.3 Tr 0.5 -
Total 100.3 99.9 99.9 99.8 100.1 100.0 100.0 99.6 100.0 100.0
No. point counts 563 221 589 649 613 579 357 673 578 409

1. LP ~ Lower part of slide 2, U2 - Upper part of slide
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Quartz.--Quartz ranges from anhedral and interstitial
in the lower parts of the layers to euhedral and phenocrystal
in the upper parts. Grains have a maximum length of 8 mm.
The quartz exhibits nonundulose to moderately undulose extinc-
tion, and generally is very weakly undulose. Quartz is
approximately as abundant in the lower parts of the layers
as the upper parts (fig. 23).

Biotite.~~Most biotite is subhedral, but euhedral grains
are common. Grain size ranges from 0.1 to 1.7 mm. Pleochroism
is strong, ranging from light brownish green to dark brownish:
green and from light greenish yellow to deep green. A few
grains are altered to chlorite. Euhedral zircon crystals in
biotite are surrounded by darkened radiocactive halos.

Hornblende.--Hornblende grains are subhedral to mainly
euhedral and strongly pleochroic, ranging from pale to medium
to deep green. They range from 0.1 to 1.8 mm long. Small to
abundant amounts of anhedral magnetite grains are commonly
enclosed by hornblende. '

Accessory and secondary minerals.--Accessory and secondary
minerals and their percentages are shown in table 3. They
generally constitute less than 2 percent of a whole graded
layer. Sphene is the most abundant of the heavy accessory
minerals followed by magnetite and allanite. Sphene crystals
0.1 to 2.0 mm long, are mainly euhedral. Magnetite is anhedral
for the most part and forms small (less than 0.05 mm) grains
within hornblende. Allanite is euhedral, strongly zoned, and
ranges from 0.2-0.8 mm long. The layers also contain small
amounts of apatite, zircon, and chlorite. Trace amounts of
calcite, epidote, sericite, and interstitial fluorite were seen
in a few slides but are not recorded in table 3.

Summary.~-The graded layers analyzed in the laboratory
(14-19) are assumed to be petrographically representative
of the whole layered zone. Phenocrysts begin to increase in
size and quantity 2 to 4 cm above the base of each layer
(fig. 25). Biotite and hornblende show a general quantitative
decrease upward from the base of each layer (figs. 20-22, table
4). Heavy minerals, with some exceptions and excluding
magnetite, show a general reduction in concentration upward
from the base of each layer. For example, sphene is 3-5 times
more abundant in the lower parts than in the upper parts of
most layers (table 4). There are some gross changes between
layers 15 and 19 of the same general sense. For example, there
is more biotite and hornblende in layer 15 than in layer 19.
This relationship, however, is not apparent for the heavy
minerals.
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DISCUSSION AND ORIGIN OF LAYERS

Several different mechanisms have been proposed in the
literature for the origin of layering in igneous rocks (table
5). Most authors subscribe to the deposition of igneous
layers in granitoid rocks by dynamic fluid currents. In mafic
intrusions formation of layering by convection currents (Grout,
1926), by gravity settling influenced by convection currents
(Wager, 19532, 1963; Wager and Brown, 1967; Wager and Deer, 1939),
and by differentiation and gravity settling of successively
introduced batches of magma (Coleman and others, 1973) have
been proposed, but these mechanisms do not seem applicable to
the Al Hadah pluton.

To test the gravity settling mechanism and its applicability
to Al Hadah layering, settling rates were calculated by using
the average crystal sizes measured and the crystal settling
curves of Shaw (1965, fig. 3) for a liquid with a viscosity
of 106 poises. The minerals were treated as spheres and for
the sizes indicated, the following rates were obtained: biotite
and hornblende (2 mm diameter, 0.7 m/yr; plagioclase (2 mm and
16 mm diameters), 0.4 and 3 m/yr; and potassium feldspar (2 mm
and 10 mm diameters), 0.2 and S m/yr. These calculations
indicate that fine-grained mafic minerals cannot be concentrated
from coarse feldspars by gravity settling alone.

Layering in the Al Hadah pluton is considered to have
formed by deposition of crystals suspended in low-density low-
viscosity currents of granitic magma. Flow differentiation
appears to have produced the compositional trends seen in the
individual layers. The mechanism envisaged herein is similar
to the mechanism postulated for genesis of layering in the
Twin Lakes granodiorite (Wiltshire, 1969), and in terms of
deposition by fluid currents (no entrained crystals), the
mechanism is similar also to that proposed by Moore and Lockwood
(1973) for layering in the Sierra Nevada batholith. However,
field relations and character of the layering in these three
areas differ in several ways, and for these reasons have been
compared and contrasted (table 6).

The chief similarity between the Al Hadah, Twin Lakes,
and Sierra Nevada layering is deposition of the layers near
contacts of the intrusive bodies. The principal difference
is that the Twin Lakes and Sierra Nevada layers accumulated
on the country rock walls and accreted away from the country
rock toward the magma chamber, whereas, Al Hadah layers were
deposited on a partly or wholly crystalline granitoid substrate
and were successively deposited toward the country rock (fig.
26) . Fluid igneous currents generated at depth probably rose
along the border of the pluton during a late phase of emplace-
ment in the manner described by Wiltshire (1969) and Moore and



Table 5. - Mechanisms proposed for the origin of layering in igneous rocks

Mechanism

Gravity accumulation from
fluid, highly volatile
magma, affected by unspec-
ified magmatic currents

Shearing of
inhomogeneities in magma

Deposition by convection
currents

Gravity settling influ-
enced by convention
currents

Flow sorting

Inward deposition along
contacts between wallrock
and solidified magma by
upward flow of low
density, low viscosity
aqueous fluid

Outward deposition by
flow differentiation
currents

Lazering
tZEe

Rhythmic

Rhythmic (?)

Rhythmic

Rhythmic,
cryptic

Rhythmic

Comb,
schlieren

Reversely size

graded;

normally graded

with respect
to mafic and

heavy minerals

33

Rock
tzge

Granitoid

Granitoid

Mafic rocks

Primarily
gabbro

Granitoid

Gabbro to
quartz mon-
zonite, but
mostly
diorite.

Primarily
quartz mon-
zonite, but
includes
quartz dio-
rite, grano-
diorite, and
granite.
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Lockwood (1973). In the case of Twin Lakes and the Sierra
Nevada batholith, the intrusive bodies were probably emplaced
into colder country rock relative to the intrusive cores and
therefore layers were deposited inward and away from the country
rock contact (fig. 26). In the Al Hadah pluton, field evidence
indicates that the layers were deposited on partly to wholly
crystalline rock. Partial subsidence of the core may have opened
a channel way at the margin of the nearly crystalline Al Hadah
pluton. The country rock adjacent to the channel way probably
was hot. Gravitative forces appear to have favored layer deposi-
tion on the foundered core and toward the country rock contact

in the outward-sloping channel way (figs. 26, 27).

Al Hadah layering is interpreted to have formed as follows.
Flow differentiation currents produced a concentration of mafic
and heavy minerals and fine-grained plagioclase at the bases of
the layers and a concentration of coarse-grained plagioclase and
potassium feldspar at the tops of the layers. This size segreg-
ation suggests that some crystals were being carried in suspension
and were sorted by a mechanical process (table 6). One result of
the sorting process is the general compositional shift from quartz
diorite and granodiorite in the lower parts of the layers to
qguartz monzonite and granite in the upper parts (fig. 20). From
experimental evidence, coarse-grained particles under laminar
flow conditions migrate toward the zone of minimum shear stress
(Bagnold, 1954, p. 62; Simkin, 1967, p. 64-69). In the Al Hadah
layers, this zone was the outward (nearest the country rock contact)
part of the layers (fig. 27). Hence, the outward parts of the
layers contain the coarsest minerals. Potassium feldspar was the
earliest of the primary minerals to crystallize in the Al Hadah
magma chamber and therefore became the largest grained (fig. 25).
As it was supplied to the layered zone entrained in the low-
viscosity currents, it was concentrated outward, producing
mechanically differentiated layers. 1In addition to laminar flow
conditions that operated to concentrate fine-grained minerals
(mafic and heavy) at the base of layers, large zircons, sphene,
and allanite were also concentrated downward (table 4), probably
by gravity settling because the densities of these minerals
differed so greatly from the density of the currents that gravity
overcame the mechanical processes responsible for size sorting
of the feldspars.

In the main layered zone, the layers are remarkable uniform
in composition and character of grading throughout, the only
difference being the thickness of the layers. This suggests that
changes in physical or chemical properties of the current fluids
were not rapid during deposition. Relatively abrupt stops in
the supply of the currents took place periodically which marked
the end of one layer and the start of another. Once one layer
was deposited, however, the material supplied to the next was the
same as the preceding one. The thickness of a given layer probably
was a function of the duration of current supply.
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Figure 26. - Field relation of layered rock at Twin Lakes, Colorado, in the
Sierra Nevada batholith, California, and in the Al Hadah pluton, Saudi Arabia.
For simplicity, layering in the upper part of this figure represents only
comb layering.
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Figure 27. - Hypothetical illustration showing the geologic conditions proposed
for origin of the Al Hadah graded lezyering by deposition of graded layers in a
low viscosity fluid zone on partly to wholly crystallized granodiorite-quartz

monzonite.
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